Aldo-keto reductase family 1 member B10 (AKR1B10) is a secretory protein overexpressed in hepatocellular carcinoma (HCC). We aimed to evaluate AKR1B10 as a serum marker for detection of HCC. Herein, we conducted a cohort study that consecutively enrolled 1,244 participants from three independent hospitals, including HCC, healthy controls (HCs), benign liver tumors (BLTs), chronic hepatitis B (CHB), and liver cirrhosis (LC). Serum AKR1B10 was tested by time-resolved f luorescent assays. Data were plotted for receiver operating characteristic (ROC) curve analyses. Alpha-fetoprotein (AFP) was analyzed for comparison. An exploratory discovery cohort demonstrated that serum AKR1B10 increased in patients with HCC (1,567.3 ± 292.6 pg/mL; n = 69) compared with HCs (85.7 ± 10.9 pg/mL; n = 66; P < 0.0001). A training cohort of 519 participants yielded an optimal diagnostic cutoff of serum AKR1B10 at 267.9 pg/mL. When ROC curve was plotted for HCC versus all controls (HC + BLT + CHB + LC), serum AKR1B10 had diagnostic parameters of the area under the curve (AUC) 0.896, sensitivity 72.7%, and specificity 95.7%, which were better than AFP with AUC 0.816, sensitivity 65.1%, and specificity 88.9%. Impressively, AKR1B10 showed promising diagnostic potential in early-stage HCC and AFP-negative HCC. Combination of AKR1B10 with AFP increased diagnostic accuracy for HCC compared with AKR1B10 or AFP alone. A validation cohort of 522 participants confirmed these findings. An independent cohort of 68 patients with HCC who were followed up showed that serum AKR1B10 dramatically decreased 1 day after operation and was nearly back to normal 3 days after operation. H epatocellular carcinoma (HCC) is a highly lethal malignancy with a 5-year survival rate of <5% in patients with an unresectable disease.
H epatocellular carcinoma (HCC) is a highly lethal malignancy with a 5-year survival rate of <5% in patients with an unresectable disease. (1) (2) (3) Chronic hepatitis B (CHB) or C infection and cirrhosis are the leading risk factors. Approximately 80%-90% of HCC cases occur in the setting of cirrhosis, and the risk of developing HCC is 15-20 times higher in hepatitis B-infected persons than in uninfected populations. (4, 5) Other risk factors of HCC include obesity, diabetes, af latoxin, alcohol, and nonalcoholic fatty liver diseases. (3) Radical hepatectomy is a prime curative option for HCC at early stage, but the early-stage HCC is usually asymptomatic, and only 20% of diagnosed HCC cases are surgically resectable. (6) A revolutionary improvement in HCC diagnosis, particularly in early diagnosis of HCC, is needed. Current diagnostic tools of HCC include blood tests for liver function and tumor markers, imaging, and biopsies, but none have convincing diagnostic value for screening or early diagnosis of HCC. (7) Blood tests for HCC markers are important tools in disease management. Identified HCC markers include alpha-fetoprotein (AFP), Lens culinaris agglutinin A-reactive fraction of α-fetoprotein (AFP-L3, an isoform of AFP), and des-gamma-carboxy prothrombin (DCP). AFP is a serum glycoprotein clinically used as a marker of HCC for more than 50 years, but sensitivity and specificity of AFP as a serum marker for HCC diagnosis are limited. Tumors in organs derived from the same endodermal lining as the hepatic diverticulum may display an increased serum AFP, such as in stomach, pancreatic, and biliary cancers. Pregnancy and nonseminomatous germ-cell carcinomas also raise serum AFP. In addition, AFP is increased in approximately 20% and 40% of patients with chronic hepatitis and cirrhosis, respectively, and may fluctuate with inflammatory activity; therefore, positive predictive value of AFP is low at 9%-32%. (8, 9) At a cutoff of >400 ng/mL, specificity of AFP for HCC is close to 100%, but sensitivity falls to 45%; if a cutoff point is set at 20 ng/mL, sensitivity rises to 78.9%, but specificity declines to 78.1%. (10) AFP at ~10-200 ng/mL is a clinical dilemma for HCC diagnosis. AFP-L3 is an isoform of AFP, (11) and DCP is an abnormal form of prothrombin (12, 13) ; neither is included in diagnostic criteria or recommended for screening of HCC by the American Association for the Study of Liver Diseases or the European Association for Study of the Liver. Herein, we report a large-scale multicenter study of aldo-keto reductase family 1 member B10 (AKR1B10) as a serum marker for detection of HCC.
AKR1B10 is a secretory protein up-regulated in HCC. (14) (15) (16) AKR1B10 can eliminate cytotoxic and carcinogenic α and β-unsaturated carbonyl compounds (17) (18) (19) (20) (21) and regulate de novo fatty acid/lipid synthesis. (22) (23) (24) In normal tissues, AKR1B10 is specifically expressed in the colon and small intestine, where it is secreted into the lumen. (14, 15) AKR1B10 is overexpressed in HCC, being a potential marker. (25) (26) (27) This multicenter study demonstrated that AKR1B10 is a potent serum marker for detection of HCC, including early-stage HCC and AFP-negative HCC.
Patients and Methods

StUDy DeSIgN aND paRtICIpaNtS
This study enrolled a total of 1,244 participants, including HCC, healthy controls (HCs), benign liver tumors (BLTs), CHB, and liver cirrhosis (LC) (Fig. 1 ). An exploratory discovery cohort consisted of 66
HCs and 69 patients with HCC enrolled between January 2015 and April 2015 at the Affiliated Cancer Hospital of Xiangya School of Medicine, Central South University (ACHXSM CSU), Changsha, China. In the training phase, 519 participants comprising 209 HCC, 203 HCs, 57 BLTs, 10 CHB, and 40 LC were recruited at ACHXSM CSU from May 2015 to September 2016. A validation cohort of 522 participants, including 204 HCC, 208 HCs, 50 BLTs, 22 CHB, and 38 LC, was enrolled from multicenters, including ACHXSM CSU; Hunan Provincial People's Hospital at Changsha, China; and the First Affiliated Hospital, Nanhua University School of Medicine at Hengyang, China, from October 2016 to June 2017. An independent cohort of 68 patients with HCC, from whom serums were collected before operation and 1 day and 3 days after operation, was recruited to observe dynamic changes of serum AKR1B10 by surgical removal of primary tumors. This study was approved by the ethics committee of FIg. 1 . Study flow. A total of 135 participants, including 69 HCC and 66 healthy controls, were enrolled as an exploratory discovery cohort for evaluation of potential of serum AKR1B10 as a diagnostic marker of HCC. A training cohort was then designed to test the diagnostic value of AKR1B10 for discrimination of HCC from healthy controls and other liver diseases, followed by a validation cohort to verify the findings in the training cohort. An independent cohort of 68 surgical patients were recruited and followed up for serum AKR1B10 changes after operation. Eligibility and exclusion criteria of subjects are listed in Supporting Table S1 . Briefly, HCC was diagnosed based on ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI) and AFP serology and confirmed by histopathology according to guidelines of the American Association for the Study of Liver Diseases. (28) HCC at Barcelona Clinic Liver Cancer (BCLC) stages 0 and A was regarded as early-stage HCC. (29) All patients with HCC were newly diagnosed and treatment naive; patients who had undergone systemic or local anticancer therapy before serum collection and patients who had a history of other tumors were excluded. HCs were subjects who visited the hospital for annual physical examination, had normal liver biochemistry, and were serologically negative of hepatitis viruses. All HCs had no history of liver and gastrointestinal diseases and malignancies. BLT includes hepatic hemangioma, focal nodular hyperplasia, and hepatic adenoma diagnosed by ultrasound, CT, or MRI and histopathology. Diagnostic criteria of CHB were hepatitis B surface antigenpositive for more than 6 months and elevation of serum aspartate aminotransferase (AST) or alanine aminotransferase (ALT). (30) Diagnosis of LC was based on a history of CHB infection, confirmed by biopsy or two imaging technologies, i.e., hepatic ultrasound with CT or MRI. To limit the possible presence of early-stage HCC clinically unrecognized in cirrhosis, patients with cirrhosis with <20 years of chronic hepatitis history and in compensated phase of the disease were preferred. Characteristics of the included and excluded subjects in each center are summarized in Supporting Tables S2 and S3 . Detailed information of patients with HCC enrolled in both training and validation cohorts are summarized in Supporting  Table S4 ; no statistically significant clinical differences existed in patients with HCC between these two cohorts.
SeRUM SaMple ColleCtIoNS
A standard operating procedure for collections of serum specimens was developed and used by all centers to minimize potential bias. In brief, blood (2 mL) was collected in a plain VACUTAINER tube containing no anticoagulant and allowed to clot at room temperature for 30 minutes, followed by centrifugation at 1,500g for 10 minutes at 4°C to remove clots. Supernatants (serum) were immediately transferred into clean polypropylene tubes (200 µL per tube) using a Pasteur pipette, encoded with a number, and stored or transported at -80°C. Serum samples that were hemolyzed, icteric, or lipemic were excluded.
SeRUM aKR1B10 MeaSUReMeNt
AKR1B10 protein in serum was measured by a time-resolved fluorescent kit (Light of Life Biotechnology Ltd., China). In brief, samples (100 μL/well) were added in duplicates. Plates were incubated at 37°C for 1 hour, washed five times with phosphate-buffered saline (PBS) Tween (PBST; 0.05% Tween-20 in PBS), and then incubated at 37°C for 1 hour with 100 μL/well of biotin-labeled detection antibody diluted at 1:500 with antibody diluent. After being washed five times with PBST, plates were incubated at 37°C for 30 minutes with 100 μL/well of streptavidin-Eu 3+ conjugates diluted at 1:5,000 with antibody diluent. Specific binding was detected with 100 μL/well of enhancement solution with gentle mix for 5 minutes. Fluorescence was measured at excitation wavelength of 340 nm, emission wavelength of 615 nm, delay time of 0.40 ms, window time of 0.40 ms, and cycling time of 1.0 ms.
StatIStICal aNalySIS
Analyses were performed using SPSS 19.0 software (IBM, Armonk, NY ) and MedCal 15.2.2 (Ostend, Belgium). Receiver operating characteristic (ROC) curves were applied to evaluate sensitivity, specificity, and respective areas under the curves (AUCs) with 95% confidence interval. The optimal cutoff value for diagnosis was determined by maximizing the sum of sensitivity and specificity and minimizing distance of the cutoff value to the top left corner of the ROC curve. Binary logistic regression was used to estimate function of the combination of AKR1B10 with AFP, and the values of the functions were used as one marker and subjected to ROC analysis. ROC curves were compared statistically as reported. (31) AKR1B10 levels between HCC and controls were tested by unpaired t tests. Association between serum AKR1B10 concentrations and clinicopathological characteristics was analyzed with a chi-square test. AKR1B10 levels in serum collected before and after surgical resection of HCC were analyzed by one-way repeated measures analysis of variance. A P value of <0.05 is considered statistically significant.
Results
SeRUM aKR1B10 CoNCeNtRatIoNS aND DIagNoStIC poteNtIal IN HCC
AKR1B10 is a secretory protein overexpressed in HCC, thus being a potential serum marker. (14, 15, 25) To test this idea, we enrolled an exploratory discovery cohort of 135 participants, including 66 HCs and 69 patients with HCC. Results showed that AKR1B10 increased in patients with HCC up to 1,567.3 ± 292.6 pg/mL versus 85.7 ± 10.9 pg/mL in HCs ( Fig. 2A ; P < 0.0001). AFP was measured in parallel as comparison (Fig. 2B) . ROC analyses demonstrated the potential of AKR1B10 as a diagnostic marker of HCC, and combination of AKR1B10 with AFP may increase the diagnostic accuracy of HCC (Fig. 2C) .
We then designed a two-phase study to explore and confirm the diagnostic value of AKR1B10 in HCC. In the training phase, we enrolled 519 subjects, including HCC, HCs, BLTs, CHB, and LC. As shown in Fig. 3A , serum AKR1B10 in patients with HCC increased to 1,769.5 ± 171.0 pg/mL versus 80.6 ± 5.0 pg/mL in HCs (P < 0.0001). Serum AKR1B10 was mildly increased in some patients with LC and CHB (Fig. 3A) . Serum AFP increased in patients with HCC and some patients with CHBs and LC (Fig. 3A, right ). An independent validation cohort (n = 522) confirmed these training cohort findings, in which serum AKR1B10 was high at 1,546.2 ± 153.2 pg/mL in patients with HCC versus 89.8 ± 5.3 pg/mL in HCs ( Fig. 3B ; P < 0.0001). In both training and validation cohorts, serum AKR1B10 concentrations displayed a similar distribution (Supporting Table  S5 ). The serum level of AKR1B10 in patients with HCC was associated with AFP, AST, ALT, and tumor size (P < 0.05) but not with tumor number, vascular invasion, and tumor-node-metastasis stages (Supporting Table S6 ). Together, data indicate that serum AKR1B10 is greatly increased in patients with HCC, being a potential diagnostic marker.
DIagNoStIC peRFoRMaNCe oF aKR1B10 IN HCC
We then assessed the diagnostic value of serum AKR1B10 in HCC. We plotted ROC curves for AKR1B10 with HCC versus all different control groups in the training cohort. When the ROC curve for AKR1B10 was plotted with HCC versus all controls (HC + BLT + CHB + LC), the optimal diagnostic cutoff value of serum AKR1B10 was at 267.9 pg/mL, which yielded AUC 0.896, sensitivity 72.7%, and specificity 95.7%. The optimal diagnostic cutoff value of AFP was at 20.2 ng/mL, which yielded AUC 0.816, sensitivity 65.1%, and specificity 88.9% ( Fig. 4A, left ; Table 1 ; P = 0.0003), suggesting that AKR1B10 has better diagnostic performance. ROC curve data for AKR1B10 in HCC versus high-risk controls (CHB + LC) are shown in Fig. 4A (middle) and Table 1 (P < 0.0001), and ROC curve data for AKR1B10 in HCC versus HCs, BLTs, CHB, or LC alone are presented in Supporting Figs. S1-S4 and Supporting Table S7 . Details are omitted here. In the LC analysis, we further plotted HCC with or without cirrhosis versus LC (Supporting Fig. S5 ; Supporting Table S8 ). All data indicate that AKR1B10 is a preferable serum marker for detection of HCC when compared with AFP.
We further evaluated the diagnostic value of AKR1B10 in combination with AFP. In 209 patients with HCC in the training cohort, AKR1B10 was positive in 152 (72.7%) cases, and AFP was positive in 136 (65.1%) cases; a total of 183 (87.6%) cases were positive in AKR1B10, AFP, or both (Fig. 4A,  right) . ROC curve analyses showed that combination of AKR1B10 with AFP improved diagnostic performance for HCC compared with AKR1B10 or AFP alone ( Fig. 4A ; Table 1 ; P < 0.05; Supporting Figs. S1-S5; Supporting Tables S7 and S8) .
Using the same cutoff value of AKR1B10 in the training cohort, we analyzed 522 participants in a validation cohort. As shown in Fig. 4B , Table 1,  Supporting Figs. S1-S5, and Supporting Tables S7 and  S8 , AKR1B10 demonstrated similar diagnostic performance for HCC, and combination of AKR1B10 with AFP increased the diagnostic accuracy. We further plotted ROC curves for AKR1B10 in all participants from three cohorts, and similar diagnostic performance was yielded (Supporting Fig. S6A , Supporting Table S9). Together, our results suggest that AKR1B10 is a potent serum marker for detection of HCC.
DIagNoStIC peRFoRMaNCe oF aKR1B10 IN eaRly-Stage HCC
Diagnosis of HCC at early stage is the key for patient survival but has long been a clinical issue. In this study, we further evaluated the potential of AKR1B10 as a serum marker for detection of early-stage HCC. In the training cohort, 79 patients with HCC were diagnosed at early stage (BCLC stages 0 and A). Serum AKR1B10 was at a lower level in patients with early-stage HCC than in those with late-stage HCC (Fig. 3) but diagnostically informative. AKR1B10 was positive in 60.8% of patients with early-stage HCC versus AFP at 48.1% (Fig. 5A,   right) . ROC curve analyses indicated that AKR1B10 showed a promising diagnostic value. In ROC curve plotted for AKR1B10 with early-stage HCC versus all controls (HCs + BLTs + CHB + LC), diagnostic parameters were AUC 0.831, sensitivity 64.6%, and specificity 92.3% versus AFP at AUC 0.719, sensitivity 59.5%, and specificity 77.7% (Fig. 5A Tables  S7 and S8 ). Further analyses with total early-stage HCC (n = 154) from all cohorts also gained similar Table S9 ). Combination of AKR1B10 with AFP also increased the diagnostic accuracy for early-stage HCC compared with AKR1B10 or AFP alone (Fig. 5 , Table 1 ; P < 0.05; Supporting Figs. S1-S4, Supporting Tables  S7 and S8 ). Together, our results suggest that serum AKR1B10 is a potent marker for detection of early-stage HCC with better accuracy than AFP.
SeRUM aKR1B10 IN DeteCtIoN oF aFp-NegatIVe HCC
AFP is negative in more than one third of HCC. To effectively detect AFP-negative HCC, we thus investigated the performance of AKR1B10 in AFP-negative patients. In the training cohort, 73 cases were AFP negative, in which 47 (64.4%) cases were AKR1B10 positive (Fig. 4A, right) . As shown in Supporting Fig. S7 and Table 2 , AKR1B10 demonstrated the value in detection of AFP-positive HCC, but more importantly, AKR1B10 exhibited diagnostic value in AFP-negative HCC. ROC analysis for AKR1B10 in AFP-negative HCC versus all controls (HCs + BLTs + CHB + LC) demonstrated a diagnostic value with AUC 0.891, sensitivity 71.2%, and specificity 92.6% (Table 2) . These findings were confirmed in the validation cohort with 66 AFP-negative HCC ( Fig. 4B ; Supporting Fig. S7 ; Table 2 ). Interestingly, in AFP-negative early-stage HCC (n = 80), similar diagnostic performance was observed in ROC curve analyses (Supporting Fig. S8 ; Table 2 ). These results suggest the privilege of AKR1B10 in detection of AFP-negative HCC and AFP-negative early-stage HCC.
SeRUM aKR1B10 WaS aSSoCIateD WItH tUMoR SIZe aND DISeaSe Stage aND DeCReaSeD aFteR SURgICal ReMoVal oF pRIMaRy tUMoRS
Clinicopathological data indicated that AKR1B10 concentrations in serum associated with tumor size (Supporting Table S6 ; P = 0.020). We thus investigated the effect of tumor size on serum AKR1B10 level in more detail. As shown in Supporting Fig. S9 , serum AKR1B10 level was associated with HCC size, particularly in ≥5-cm HCC. Positive rate of serum AKR1B10 was also higher in patients with ≥5-cm HCC than in those with ≤5-cm HCC. Furthermore, we analyzed the serum AKR1B10 levels in patients with HCC at different BCLC stages, and data showed that AKR1B10 concentrations in serum positively associated with disease stages (Supporting Fig. S9) .
We further investigated dynamic changes of serum AKR1B10 after surgical removal of primary tumors in liver. Paired serums were procured from 68 patients with HCC right before operation and at 1 day and 3 days after operation. As shown in Fig. 6 , AKR1B10 in serum was dramatically decreased within 1 day after surgical removal of HCC and nearly back to normal 3 days after operation, suggesting specificity of AKR1B10 to HCC.
Discussion
A prevalent serum marker would improve clinical management of HCC. Secretory AKR1B10 protein is overexpressed in HCC, (14, 25) and studies on surgical specimens and clinicopathological data indicated its potential as a marker for early-stage HCC, (32, 33) prognosis, (27, 34, 35) BLT discrimination, (26) and stratification of HCC risk in liver hepatitis B virus and hepatitis C virus infections. (36) (37) (38) (39) These studies of AKR1B10 in HCC pave the road for this large-scale multicenter serological study for detection of HCC, including early-stage HCC and AFP-negative HCC. This largescale study with 1,244 participants, including HCC, HC, BLT, CHB, and LC subjects, validated AKR1B10 as a potent serum marker for detection of HCC with better diagnostic performance than AFP, particularly in early-stage HCC. AKR1B10 also demonstrated diagnostic value in AFP-negative HCC, and combination of AKR1B10 with AFP increased the diagnostic accuracy for HCC and early-stage HCC compared with AKR1B10 or AFP alone.
Pathogenesis of HCC is highly heterogeneous, and multiple etiological factors, such as chronic hepatitis virus infection and cirrhosis, are involved in the development and progression of HCC. Therefore, in addition to BLTs, patients with CHB and cirrhosis were enrolled as high-risk controls. Because early, undetectable HCC may occur in advanced (decompensated) cirrhosis, special attention was paid to the enrollment of patients with cirrhosis. In this study, we preferred to enroll patients with LC with <20 years of chronic hepatitis history and in compensated phase of the disease. Our data showed that AKR1B10 increased in some patients with CHB and LC, but its level was markedly lower than in HCC. ROC curve analyses, plotted with HCC versus all controls (HCs + BLTs + CHB + LC) or HCC versus high-risk controls (CHB + LC), all proved the value of AKR1B10 in discrimination of HCC from CHB and/or LC. Specificity of AKR1B10 as a diagnostic marker of HCC was further confirmed by an independent cohort of 68 surgical patients who were followed up, in whom serum AKR1B10 dramatically decreased 1 day after operation and was nearly back to normal 3 days after operation. It was noted that a few cases exhibited dramatic decrease of serum AKR1B10 after operation but still remained at a level higher than normal after 3 days of operation. This may be ascribed to micrometastasis of HCC in liver or distant organ(s) that was not clinically detected or due to expression and secretion of AKR1B10 in cirrhotic nodules in the liver that remained after operation. It would be of significance to follow up these cases. Nevertheless, the dramatic decrease of serum AKR1B10 concentrations after surgical resection of HCC masses indicates its specificity to primary tumors in the liver. This may also imply a potential use of AKR1B10 for evaluation of tumor burden, metastasis, and/or recurrence of HCC. Like literature reports, (40, 41) AFP increased in patients with HCC recruited in this study, but AKR1B10 showed much better diagnostic accuracy for HCC than AFP.
Diagnosis of early HCC is a sophisticated clinical issue. In this study, HCC at BCLC stages 0 and A was regarded as early-stage HCC and assessed for diagnostic performance of AKR1B10 and AFP. Our data demonstrated the value of serum AKR1B10 for detection of early-stage HCC and the better performance of AKR1B10 than AFP. The high sensitivity and specificity of AKR1B10 in detection of early-stage HCC may benefit from its low basal level (cutoff at 267.9 pg/mL for AKR1B10 vs. 20.2 ng/mL for AFP), allowing for sensitively detecting a small change of the serum level induced by a small tumor. It is noteworthy that the patient pool of early-stage HCC was relatively small, and an expanded study may be warranted to determine the value of AKR1B10 in detection of early-stage HCC.
AKR1B10 was first identified in HCC (14) and then characterized as a secretory protein. (15, 16) In the past years, clinical histological studies of HCC have identified AKR1B10 as a marker for prognosis and risk stratification of HCC. (27, 34, 36, 37) However, this current study is the first large-scale multicenter evaluation of AKR1B10 as a serum marker for HCC detection. AKR1B10 expression and potential as a biomarker is also reported in other tumors, such as lung, breast, and pancreatic cancers. (42) (43) (44) In lung cancer, AKR1B10 is up-regulated in non-small cell lung carcinoma in smokers, (42) and in breast cancer, AKR1B10 promotes cancer growth and progression by promoting lipogenesis and lipid messenger-mediated signaling cascades and thus is a potential therapeutic target. (43, 45) In conclusion, our study demonstrates that serum AKR1B10 can differentiate HCC from HCs, BLTs, and high-HCC-risk chronic hepatitis and cirrhosis with high accuracy. AKR1B10 also has privilege in detection of early-stage HCC and AFP-negative HCC. In either situation, AKR1B10 showed appreciable sensitivity and specificity compared with AFP. Combination of AKR1B10 with AFP increased the diagnostic accuracy of HCC and early-stage HCC. In brief, AKR1B10 is a potent serum marker for detection of HCC and early-stage HCC with better accuracy than AFP.
